SUMMARY Measuring a cephalometric radiograph is an imprecise task, and the errors associated with this should be quantified and understood. The potential sources of error are outlined and the literature relating to the assessment of measurement errors is reviewed. Three techniques are examined: the error attributable to a single recording; its associated confidence limits; and the coefficient of reliability were the most commonly applied.
Introduction
Because the cephalometric radiograph is not Since Broadbent introduced the cephalostat, (Broadbenf, 193 I) , the lateral cephalometric radiograph has become an essential tool in orthodontic analysis. Radiographic appraisal is a prerequisite of both treatment planning and assessment of the efficacy of therapeutic techniques. To adequately assess treatment methods, the resujts of therapy must be quantified. Thus, the cephalogram must be measured and the measurements compared critically.
Statistically, in any study involving the comparison of two groups of individuals, there are three sources of variation (or error). These are 'between group' representing real differences between the two samples, 'between individual', representing biological variation and 'within individual', representing the measurement error. Although it is the first of these which is normally of interest, any measurement of it will be influenced by the other two. The best measure of between groups variation is the difference between means, with uncertainty (due to sampling) quantified by the standard error of this difference. The appropriate measure of within group variability is the standard deviation between individuals, whilst the appropriate measure of measurement error is the within patient standard deviation. A general framework encompassing a11 three, is the analysis of variance. a precise tool, significant errors ar;involved in its measurement (Hatton and Grainger, 1958; Baumrind and Frantz, 1971a,b; Midtgird et al., 1974; Houston, 1983 , Houston et al., 1986 Sandler, 1988a) . Every effort should be made to minimize these errors, but since they are largely inherent in the film, this is not easy. Unlike most studies which involve measurement, precision cannot be improved by repeated recording, magnification of the object or using a more accurate recording device. Cephalometric studies thus differ considerably from those in other areas of dental research.
Nonetheless, measuring error is quantifiable and an error study, reporting the results of replicate measurements, should accompany every cephalometric investigation. An estimation of measuring error also indicates which points are reliable: a prospective error assessment will assist in the choice of variables ultimately recorded (Bjork, 1947) .
Depending on the technique chosen, associated .errors may approach the therapeutic changes reported, raising doubts as to their validity (~r o a d w a~ et al., 1962; Houston, 1983) . This may occur despite statistical significance between the groups, since inter-group tests of significance do not allow for any measurement error: they assume that recordings are 100 per cent accurate, when, in fact, each includes a variable measurement error. The contribution of this error adds to the variation in the data set and so to the difficulty in obtaining statistical significance. Thus, the results of clinically satisfactory techniques may be denied statistical significance. Following functional appliance therapy, the patient clearly looks better, but scientific proof of these changes is frequently lacking (Johnston, 1968; Isaacson et al., 1990) . However, an ability to demonstrate statistical significance does not necessarily have any clinical meaning.
Statistical significance may also be absent if the number of subjects in the study is too small: it is not possible to gauge whether a clinically relevant finding is due to chance or not. Thus, in cephalometric studies an adequate sized sample is most important.
Prior to analysis, it is desirable that a11 radiographs are of high quality and are taken in standardized conditions. Thus, high speed film should be used with an appropriate soft tissue filter and a constant mid-sagittal plane to film distance maintained. Head position should be standardized and movement restricted.
Digital recofling is more convenient than measuring with ruler and protractor. In terms of accuracy, there is little to choose between direct digitising and the use of an intervening tracing stage (Cohen, 1984; Sandler, 1988b) since the major component of recording error is that of point identification (Baumrind and Frantz, 1971a; MidtgArd et al., 1974; Houston et al., 1986; Sandler, 1988a) . Recordings should be made in a darkened room with a good light behind the area of interest only. Good quality acetate paper and a fine pencil are prerequisites for satisfactory tracing. Point location when digitizing (but not ultimate accuracy) is enhanced by lightly pricking each point with a stylus. A11 points should be registered twice to avoid gross errors. The accuracy selected for the second pass should be high and the average of the two measurements used in subsequent analysis. To avoid inter-observer error, a11 recordings should be made by the same, experienced individual.
A review of the literature revealed no single, accepted procedure for calculating method error. The error involved in recording a single measurement could be variously assessed. The method described by Dahlberg (1940) , was the most widely used (Bjork, 1947; Baumrind and Frantz, 197 1 a,b; Gravely and Murray Benzies, 1974; Sandler, 1988a) . Bjork (1947) , Chebib and Burdick (1973) , and Houston (1983) described alternative calculations.
Confidence limits, describing the accuracy with which a given measurement could be made, were recommended by Gravely and Murray Benzies (1974) , Kirkwood (1988) , Bulman and Osborn (1989) , and Snedecor and Cochran (1989) . A similar procedure was reported by Chebib and Burdick (1973) . A coefficient of variation was calculated by Savage et al. (1987) , whilst estimates of reliability were described by Midtgird et al. (1974 ), Houston (1983 ), and Buschang et al. (1987 . An analysis of variance was suggested by both Houston et al. (1986) and Buschang et al. (1987) . More straightforward assessments involving the means and standard deviations were suggested by Broadway et al. (1962) and Richardson (1966) . Because different kinds of error are being tested, the results of the various error evaluations will differ, depending on the calculation selected and the composition of the data under study.
The purpose of this study was, therefore, to review and compare critically the more commonly used methods of investigating cephalometric measurement error. To illustrate this, errors were calculated for a selection of hard and soft tissue measurements derived from a cross-sectional study.
Review of the literature
Errors associated with recording a single measurement 1. Dahlberg's (1940) statistic. The concept of error and its relationship to biological measurements has been examined in depth by Dahlberg (1940) . Replicate measurements for each of a series of patients are compared and the standard deviation of each of the paired measurements from its own pair mean calculated from the formula:
where: Se is the standard deviation of the differences of each of the replicates from its mean; n is the number of radiographs recorded; and d is the difference between the first and second recordings.
Whilst Dahlberg (1940) describes his error (Se) as the standard error of the mean, this is, strictly speaking, the standard deviation of the difference of each of the paired measurements from its own pair mean as described above. Thus, Se as described here is identical to the s described by Chebib and Burdick (1973) below.
Chebib and Burdick's (1973) method. These authors suggest the following calculation:
where e is the expected error associated with each measurement; s is the standard deviation of the measurement error; and k is the number of readings of each measurement.
The Dahlberg (1940) , and Chebib and Burdick (1973) formulae are mathematically related. Where films are digitized twice, Chebib and Burdick's error is approximately half of that described by Dahlberg (1940) . (The fraction on the right side of the equation simplifies to the square root of one divided by n or 0.5642.) Both estimations describe the error associated with a single rneasurement based on a number of replicated readings. In theory, this would decrease as the number of replicates increased, but as Houston (1983) pointed out, repeated recording has little effect on the accuracy of cephalometric evaluation since the prime difficulty lies in point identification.
3. Houston's (1983) estimate of random error. This is described as the variance of the difference between replicate determinations. On the basis that differences in both data sets may occur, the variance is divided by 2, thus producing a formula identical to that of Dahlberg, but by algebraic coincidence.
4.
Bjork's (1947) quotient. Bjork (1947) considered a different approach. Using replicate measurements, the standard error of the mean differences was compared with the mean of the differences themselves. For a measurement to be satisfactory, the mean of the differences should not exceed three times the standard error of replicate measurements. This assessment was based on the premise that for any experimental difference to be truly significant, the change must be three times greater than the standard error associated with that measurement.
5.
Houston's (1983) estimate of systematic error. Both Dahlberg's (1940) , and Chebib and Burdick's (1973) estimations combine systematic and random components. Where the systematic error is zero, this will reflect the random error satisfactorily, but Houston (1983) , stressed the need to separate the two. To test the systematic error, he recommended a one sample t-test between adequate numbers of replicate measurements, examined as a minimum, at the 10 per cent level of significance.
The coeficient of reliability An alternative method of expressing the accuracy of a measurement is to consider the reliability of its assessment. Midtgiird et al. (1974) emphasized that the error between double determinations was inadequate, unless it was also related to the variance of the landmarks in the material as a whole. They arbitrarily suggested that ideally, error variance should be less than 3 per cent of the study variance; with a coefficient greater than 10 per cent, the measurement would be inappropriate. It is more relevant to assess reliability in the context of a particular study than to apply selective thresholds.
Houston (1983) modified this approach, calculating the coefficient by subtracting the ratio of the random error variance divided by the total study variance, from unity. The random error variance was divided by two and the study variance of the first estimate was preferred to that of a mean of the two estimations. Thus, Houston's (1983) calculation is related to that of Midtgiird et al. (1974) , but appears approximately twice as reliable.
In their assessment of reliability, Buschang et al. (1987) determined the ratio between the true and the total observed variances. The true variance was a hypothetical concept, being the variation which remained once random errors have been accounted for.
Conjidence limits
The reliability of the recording of a single measurement may also be described in terms of its confidence limit (Gravely and Murray Benzies, 1974). The confidence limit within which a determination lies, is the product of the Dahlberg statistic and a value of t dependent on the level of probability chosen and the number of cases under study. E'requently, the 95 per cent confidence limit is selected, with and Ricketts' mandibular arc exceed two units. These measurements involve points which are either close together (the nasolabial angle) or relatively difficult to locate, (XI point in the ascending ramus). Houston (1983) subtracts the mean of the summed differences from each difference between replicate pairs. Secondly, Houston divides his total by (n-1), whereas Dahlberg divides by n. As the overall arithmetic mean is small in relation to the differences themselves and n approximates (n-I), the results will be similar. Although Chebib and Burdick's (1973) calculation is identical to that of Dahlberg (1940) , the rationale for including 71 in the denominator and, therefore, the proportionate reduction in their assessment, is not apparent from their presentation.
Chebib and Burdick (column 2).

Bjork (column 4). Bjork (1947) takes two
statistics from his paired data sets, the mean of the differences between replicate measurements and the standard error of the mean differences. The former is divided by the latter to produce the quotient given in column 4. There was a wide range of variation between measurements, but none of the 12 variables breached Bjork's acceptance criteria. Neiiher the nasolabial angle nor the mandibular arc showed sizable errors because of the wide range of cases under study. The larger the standard error, the better the result; thus, a drawback of Bjork's technique is that homogeneity of data adversely effects the outcome.
Houston's estimation of systematic errors (column 5).
No systematic errors were found. The critica1 value at the 90 per cent leve1 of probability and (n-1) degrees of freedom is 1.687. Houston (1983) stressed the need to include an adequate number of cases in the investigation of systematic error (at least 25), otherwise large standard deviations and associated standard errors could produce artificially small values of t.
Because this test depends on the dispersion of the data, a non-homogeneous data set such as the combined control and Class I11 material presented here, will produce artificially good results and this has contributed to the absence of error reported. For the first three assessments, any pooling of data sets provides error values which are the arithmetic mean of the individual groups, but both Bjork's and Houston's systematic assessments are sensitive to group composition. Thus, they are inappropriate for the data in this study.
Confidente limits (Table 3) The traditional confidence limits described by Gravely and Murray Benzies (1974) are presented in Table 3 , column 1. The analogous 'error which 95 per cent of measurements should not exceed', calculated by Chebib and Burdick (1973) is shown in column 2, whilst the assessment recommended by Kirkwood (1988) is given in column 3. Using Gravely and Murray Benzies' (1974) assessment, only three variables exhibited confidence limits which were less than one unit: overbite, overjet, and the angle SNB. Since these errors may occur in either direction, that is, the confidence interval is plus or minus the value given, the dispersion is twice the value presented. Thus, for most measurements, the range within which the actual value will lie, will be greater than two units.
The method described by Chebib and Burdick (1973) is similar and apparently more accurate, but like the authors' assessment of single measurement error, the rationale for this calculation is unclear. This further confuses the issue of the relevance of the different methods of error estimation and of the interpretation of subsequent study findings.
Kirkwood's (1988) calculations bear no relationship to either of the ,other methods, being based on the standard deviations of the measurements themselves. The number of individuals in the study is included in the calculation in its own right and, thus, the resultant confidence limit depends entirely on the dispersion of the Table 3 data and the number of individuals surveyed. An increase in the number of persons automatically improves the confidence limit yet the precision of recording is unchanged. This is not a helpful attribute and the technique contributes nothing to the description of measurement error. The assessment described by Bulman and Osborn (1989) , however, would be suitable. The validity of the confidence limit as a measure of imprecision in cephalometric measurement should be considered carefullv. At first sight, it would appear that all cephálometric studies will be unreliable. The confidence limit associated with SNB as calculated by Gravely and Murray Benzies (1974) approximates I degree. Thus, any individual measurement of this angle might have an associated error of nearly 2 degrees. Since the changes found in SNB in short-term seria1 studies are unlikely to exceed this value, the significance of such findings may seem questioiiable. For the crosssectional data reported here, the significance between groups at the 0.01 per cent level calculated in Table 1 appears l e s~ suspect. It could be argued that the confidence limit is not an appropriate statistic to apply: it does not describe the specific error in a particular study, but a range of possibilities. Since it is the product of Dahlberg's statistic and a r value which approximates 2 at the 95 per cent level, it will always be two to three times the Dahlberg value. Furthermore, the confidence limits quoted apply to 95 per cent of recordings; on the remaining 5 per cent of occasions, the error could be even worse. (Table 4) Coeficients of reliability as calculated by Midtgird et a/. (1974) are presented in Table 4 , column 1, corresponding assessments by Houston's (1983) Midtgird et al. (1974) subtracted from unity. Tn Houston's (1 983) calculation, the range is reduced because he considers that, since two series of measurements have been made, the error variance should be divided by 2 before this value is, in turn, divided by the total study variance. The coefficients described by a11 three methods show a wide variation, with the nasolabial angle and mandibular arc consistently showing poor reliability. These variables show large associated errors by nearly a11 other methods examined. However, a poor coefficient of reliability is not invariably associated with a high Dahlberg error, as inspection of the errors associated with overjet will demonstrate.
Coeficienrs of reliability
Dahlberg's (1940) method does not take into account the size of the error in relation to the magnitude of the variable itself. The coefficients of reliability seem to address this problem, but in so doing, create their own anomaly. The Dahlberg error associated with overjet (Table 2) is low: 0.40 mm. In proportion to the size of the mean overjets (Table I) , this is an appreciable component. The poor reliability in the homogeneous control group (25 per cent error using the Midtgird et al. (1974) method, 87 per cent reliability according to Houston (1983) , and 72 per cent according to Buschang et al. (1987) , reflects this satisfactorily.
When the Class I11 and control material are pooled and the reliability recalculated, it appears to have improved considerably: 6 per cent error according to Midtgird et al. (1974) , 97 per cent reliable by Houston's (1983) calculation and 94 per cent by the estimation of Buschang et al.
(1 987). The accuracy of recording has not altered, but a rather disparate subsample of data has been added. Since the calculation of reliability is designed to reflect the accuracy in relation to the total study material, widening the scope of the study, increases the variance and improves the coefficient. This is not always helpful and may be avoided in studies involving a broad spectrum of malocclusions by making a separate examination of the reliability of each subsample of data. As with a11 statistical tests, the results must not be interpreted blindly. 
